Plant-animal interactions are a key component for biodiversity maintenance, but they are currently threatened by human activities. Habitat fragmentation might alter ecological interactions due to demographic changes, spatial discontinuities, and edge effects. Also, there are less evident effects of habitat fragmentation that potentially alter selective forces and compromise the fitness of the interacting species. Changes in the mutualistic and antagonistic interactions in fragmented habitats could significantly influence the plant reproductive output and the fauna assemblage associated with. Fragmented habitats may trigger contemporary evolution processes and open new evolutionary opportunities. Interacting parties with a diffuse and asymmetric relationship are less susceptible to local extinction but more prone to evolve towards new interactions or autonomy. However, highly specialized mutualisms are likely to disappear. On the other hand, ecological interactions may mutually modulate their response in fragmented habitats, especially when antagonistic interactions disrupt mutualistic ones. Ecoevolutionary issues of habitat fragmentation have been little explored, but the empiric evidence available suggests that the complex modification of ecological interactions in fragmented habitats might lead to nonanalogous communities on the long term.
Introduction
Plant-animal coevolution was described for the first time by Darwin ([1, 2] , but see [3] ), relating the morphologic specificity between orchids and moths, stating that such precise correspondence could not be generated by chance. From Darwin's ideas, a wide conceptual framework has been developed regarding plant-animal coevolution [4, 5] , from the perspective of the antagonistic (herbivory and parasitism) and mutualistic (pollination and seed dispersal) interactions. There is a growing body of literature regarding the importance of plant-animal interactions for the ecosystem functionality and stability. Moreover, those interactions are not constant over time; on the contrary, they are highly dynamic and susceptible to small and large temporal (ecological and geological times, resp.) and spatial (patch and landscape, resp.) scale disturbances.
In the last decades, human activities have led to habitat loss and fragmentation worldwide, causing the disruption of plant-animal mutualisms [6, 7] and the strengthening of some antagonisms [8] [9] [10] . While, in the last 15 years, the ecological consequences of habitat fragmentation have been studied in detail [11] but the microevolutionary aspects related to the change in ecological interactions have been little explored (but see [12] ). This new research venue is of remarkable importance because, as the ecological conditions become modified through habitat loss and fragmentation processes, the ecological interactions on this novel scenario might rapidly evolve into new directions [7] .
Understanding the consequences of habitat fragmentation on plant-animal interactions is important to describe general ecoevolutionary patterns that allow the construction of applied knowledge to be used for the maintaining of biodiversity. The aim of this review is to discuss the potential ecoevolutionary effects of habitat fragmentation on the modification of plant-animal interactions and community composition. For doing so, firstly we review how habitat fragmentation may lead to changes in microevolutionary forces experienced by the interacting species and the possible consequences of their evolutionary trajectory. Secondly, 2 Advances in Ecology we review the differential effects of habitat fragmentation on antagonistic and mutualistic plant-animal interactions. Thirdly, we examine how multiple plant-animal interactions may interact, affecting plant reproductive success. Finally, we discuss future perspectives in a global change scenario.
Consequences of Habitat Fragmentation on Microevolutionary Forces
Habitat loss and fragmentation are tightly related processes, acknowledged amongst the most important drivers of biodiversity loss [13] . The interaction of those processes impacts natural habitats by (1) reducing area, (2) creating edge effects, (3) isolating habitat remnants from each other, and (4) interacting with the surrounding matrix [14] . Therefore, the differential sensitiveness to those factors determines the species subset that is able to persist in fragmented habitats [14] . Subsequently, when a continuous area becomes divided into smaller fragments, the subsequent compositional (i.e., species richness, abundances, and evenness) and demographic changes on the local resident populations are inescapable. Smaller local populations are usually less diverse and more prone to experience stochastic demographic processes, inbreeding depression and genetic drift [15] , compromising gene flow and genetic diversity among them [16] .
Fragmented habitats often exhibit a greater environmental heterogeneity as results of area, edge, and matrix effects [17, 18] . Such increased heterogeneity causes important changes on the resource availability, quality, and spatial distribution [12, 19] , creating a geographic gradient of environmental stress. Despite the fact that many species could show a plastic response to compensate situations of environmental stress [20] , disturbed habitats may represent an opportunity for contemporary evolutionary processes [21] . Therefore, habitat fragmentation could significantly alter the evolutionary outcome in relatively short periods of time (≤100 years), due to strong selective forces imposed by human activities [7, 22] .
The novel scenario that habitat fragmentation imposes in the resident populations is also capable of altering antagonistic and mutualistic plant-animal interactions. Changes in abundance and composition of the interacting parties will certainly alter the microevolutionary forces that shape the coevolutionary process between plants and animals. Coevolution has a central role on community structuring, through associations among two or more species increasing the biological system complexity [12] as well as the fitness components of the interacting partners [23] . Under this idea, the study of coevolution should be a priority for the ecology research in fragmented habitats from an ecoevolutionary perspective [24] [25] [26] . Therefore, selective forces involved in plant-animal interactions could be affected by changes in abundance and interaction frequency (e.g., floral visit rate) of one or both interacting parties, altering the magnitude and direction of selection gradients acting upon them [7] . This could result in the selection of certain phenotypes over others (e.g., small seeds over the large ones; [27] ), reshaping the community and their interaction networks on the long term [28, 29] .
The fate of plant-animal interactions in a fragmented habitat depends on their tolerance, generalism, and capabilities of rapid evolution [7] . This set of "resilient traits" is favored by the degree of asymmetry (i.e., one specialist species interacting with two or more generalist counterparts) and specialization among ecological interactions. Thus, the degree of specialization and dependence on specialist species could determine the actual effect the loss of one interacting party would have on its counterpart [30] . Considering that most plant-animal interactions are asymmetric, the effects of losing one species could be less critical than for specialized symmetric relationships, since in asymmetric interactions at least one generalist mutualist remains, maintaining the interaction and therefore ensuring reproductive success [30] .
Modified ecological interactions in fragmented habitats could affect the strength of coevolutionary interactions, disfavoring the persistence of coevolutionary hotspots [3, 23] . Such situation would result into a mosaic of coevolution homogenization towards evolutionary cold spots [31] . Under this hypothetic scenario it is likely for plant-animal mutualisms to become disrupted in fragmented habitats because of changes in the evolutionary forces involved in frequencydependent selection events. If one or both mutualistic parties are not able to respond to the counterpart changes (i.e., to exert reinforcing coevolutionary selection), there are two possible outcomes: (1) the extinction of one or both species (according to their sensitiveness and specialization degree) or (2) shifting towards an antagonist relationship or the abandonment of the mutualism, choosing an autonomy path [7, 32] (Figure 1 ). Fragmentation imposes a vertiginous scenario for any ecological interaction, and only few genotypes would be able to sort the artificial selective filters created by human disturbances, making the extant populations even more prone to face demographic and genetic stochastic processes.
Differential Effects of Habitat Fragmentation on Mutualistic and Antagonistic Plant-Animal Interactions
There are hundreds of articles reporting changes in species richness and abundance at fragmented habitats [17, 33] . Recently, the interest in studying the effects of habitat fragmentation over ecological interactions has grown [34] . Diverse studies have documented that habitat fragmentation is capable of altering the guild structure of birds [35] , as well as the richness and abundance of small mammals [36, 37] and insects [38, 39] . They have also determined how such demographic effects could modify the intensity of herbivory and plant pathogen infection [40, 41] , seed predation [42] , insectivory [8] , pollination [43, 44] , and seed dispersal [6, 45] . This is particularly relevant for pollination and seed dispersal mutualisms, since they play a key role in biodiversity generation and maintenance [46] . Considering that at least 78% of the tropical and temperate tree species depend on animal counterparts for their reproductive success [47, 48] , habitat fragmentation could seriously compromise those mutualisms [6] . Besides the consequences of the disruption of plant-animal mutualisms, a less obvious scenario arises from the modification of plant-animal antagonisms in fragmented habitats. Small fragments are more exposed to herbivores and plant pathogens due to microclimate conditions favorable for their proliferation [9, 49] . Despite the fact that herbivory rates often decrease with fragment size [50] , small fragments are more exposed to novel antagonists (e.g., fungal diseases, parasitoids, galling, and mining insects) that arrive from the matrix and are strengthened by edge effects [49, 51, 52] . The spread of antagonists from the matrix could be strengthened by the use of biological corridors as a conservation strategy, since they may act as dispersion routes for diseases [49, 52] . This situation is of critical importance when remnants of native habitat are surrounded by agricultural matrices, from which large generalist herbivores may act as pathogen vectors [53, 54] . Further, since natural enemies are often absent at native habitat remnants, this situation might derive in plague outbreaks [55] .
Altered plant-animal interactions in fragmented habitats could modify plant reproductive success (hence, plant fitness and its long-term persistence probabilities), depending on the direction and extent of how each individual interaction is modified. Plant species are expected to respond idiosyncratically to alterations in plant-animal interactions, related to lifehistory traits such as their tolerance to foliar damage, defenses against herbivores/pathogens, compatibility systems, degree of generalization, life form, and habitat specialization [40, 43] .
Additionally, the abundance and composition (i.e., species richness) of plant and animal communities thriving in fragmented habitats will vary according to the differential species sensitiveness to the patch area, edge, isolation degree, and matrix quality [14, [56] [57] [58] . Despite the fact that the ultimate fate of a given species (plant or animal) depends on its life history traits, as well as on its local adaptation and dispersal capabilities [16, 59] , its performance in fragmented habitats will also depend on the changes experienced by their interacting counterparts, which could affect their persistence and/or reproductive success directly (e.g., disrupting the interaction) or indirectly (via coextinctions or through changes in the trophic relationships).
Complex Relationships: A Multi-Interaction View
Habitat fragmentation has demographic and microevolutionary consequences on plant-animal interactions, due to changes in abundance, the modification of the selective forces, and the subsequent changes in reproductive success [7] . However, there is an additional issue that should be taken into account when dealing with fragmented habitats, the role of multiple plant-animal interactions acting simultaneously. Most studies have documented how a single plantanimal interaction is modified by habitat fragmentation, but studies addressing two or more interactions simultaneously are scarce in the literature [e.g., [60] ]. We could expect an increase in plant fitness when a mutualism increases or an antagonism decreases and vice versa. However, a recent study [60] has demonstrated that the decrease of an antagonist interaction (herbivory) does not compensate the decrease of a mutualistic interaction (pollination), showing that the individual effects of ecological interactions are not additive in many cases [61] .
Thinking in a more complex scenario, let us consider two mutualistic (pollination and seed dispersal) and two antagonistic interactions (herbivory and seed predation) acting simultaneously on a given plant species. From those four interactions, it will be possible to obtain at least 100 possible results in terms of reproductive success (Figure 2) . Further, if a third interaction is added (e.g., defensive ants, mycorrhizae, parasites, and plant pathogens) the possible outcomes would increase exponentially. Unfortunately, there is little empirical evidence available for multiple plant-animal interactions in fragmented habitats because of the complexity of assessing many interactions simultaneously in the field, which constitutes indeed a great challenge for future studies.
Many articles have set ecological interactions into the community context [62] [63] [64] [65] [66] [67] , but their implications in fragmented habitats have been little discussed. In general terms, Figure 2 : Expected consequences of disrupted plant-animal interactions due to habitat fragmentation. There are 100 possible combinations among the four interactions, two mutualisms (i.e., pollination and seed dispersal) and two antagonisms (herbivory and seed predation), considering the possibility that one or both mutualisms or antagonisms will increase, decrease, or remain unchanged. Green tones denote an increase into the plant reproductive success (as a proxy of fitness), whereas red tones denote a decrease.
the interaction among ecological interactions could be classified in four possible scenarios proposed by Strauss and Irwin [64] , which may be applicable to fragmented habitats as well:
(1) antagonistic to antagonistic: the increase of certain herbivores could negatively affect other herbivores because of the triggering of defensive response from the plant;
(2) mutualistic to mutualistic: competition or facilitation among pollinators or dispersers, plant demographic changes could benefit certain pollinators and/or seed dispersers;
(3) antagonistic to mutualistic: herbivores produce damage to the plant and may alter certain phenotypic traits, affecting consequence pollination and/or seed dispersal;
(4) mutualistic to antagonistic: pollinators and/or dispersers can increase plant fitness, exposing it to greater herbivory pressure by increasing the supply for herbivores.
Among those four scenarios, the third one (antagonistic to mutualistic) may be the most critical scenario for plants thriving in fragmented habitats. For example, pollinators that respond to certain floral traits such as nectar guides [68] usually avoid those flowers damaged by herbivores [61, 69, 70] , reducing the attractiveness of the damaged plant to the mutualists [71, 72] . Plants facing greater herbivory pressures are less pollinated and hence produce less seeds. Moreover, if pollinator abundance decreases in the fragments [73] [74] [75] , effective pollination services that many plants receive would be dramatically reduced. Such situation might be critical in fragment edges where the incidence of antagonists tends to increase [51] , compromising plant reproductive output. Recruitment of those plants depending on pollination vectors (usually autoincompatible plants) is expected to diminish because of the herbivory, both directly (tissue damage) and indirectly due to the reduction of the pollinator visit rates [69, 70, 76] , modifying plant fitness in many possible ways [77] . Moreover, the damage of certain key flower structure (e.g., nectar guides) could enhance this situation [78] , especially if the flower damage goes beyond a damage threshold that makes the pollinators reluctant to visit the flowers [79] .
Future Perspectives: Are We Going to
Nonanalog Communities?
Diffuse and asymmetric coevolutionary interactions are more stable and less sensitive to habitat disturbance [3] , determining-at least partially-the community resilience capabilities.
Interacting parties in diffuse/asymmetric relationships are more prone to persist in spite of changes in the environment conditions and the demographic changes of their interacting parties. Even in an extreme scenario, they could evolve towards an autonomic strategy, breaking the mutualistic link if the costs of the interaction exceed the benefits (i.e., it is less costly not to interact). On the one hand, obligate or highly specialized mutualists are prone to primary and secondary extinctions [32] . On the other hand, antagonistic interactions also play a major role in shaping the plant community since those interactions, and particularly herbivory [80] , constitute important regulation forces that limit the overgrowth of few generalist species that tend to dominate the community, reducing diversity and altering the trophic webs and, ultimately, ecosystem functionality [9, 81] . Changes in microevolutionary forces may influence the community composition and structure. However, their longterm effects are difficult to predict. As the coevolutionary processes have shaped plant-animal interactions for thousands of years, contemporary evolutionary phenomena caused by habitat fragmentation may lead to the establishment of new interactions or evolve towards autonomic strategies. Both outcomes may provoke a massive restructuration of the interaction networks within communities. Such restructuration might lead those plant and animal species remaining in fragmented habitats to evolve towards nonanalog communities in the long term future [82] .
Finally, evolutionary and, particularly, coevolutionary implications related to plant-animal interactions should be explicitly considered aiming to reduce the current biodiversity loss rates. Despite the fact that fragmented habitats are currently considered into management plans, considering also the potential ecoevolutionary effects on ecological interactions and the quick spatiotemporal changes that affect them, it may have a positive contribution to maintain the natural ecosystems structure and dynamics. The inclusion of evolutionary issues on conservation plans is quite recent [24] [25] [26] , and it has opened new research areas and courses of action. Nevertheless, its specific impact on fragmented Advances in Ecology 5 habitats conservation is still emerging. It is necessary to conduct more research on this subject in order to elucidate the immediate and long-term consequences of the anthropic habitat modification on coevolutionary processes. Such information may allow us to make educated inferences about the possible fate of the remaining habitats worldwide, in changing ecological scenery because of the human action.
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